Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is a common groundwater contaminant at numerous military sites where munitions were either formulated, manufactured, or used in military exercises. Permanganate (MnO 4 − ) is an oxidant commonly used with in situ chemical oxidation (ISCO) and has been widely accepted for treating chlorinated ethenes. Past research has shown that MnO 4 − preferentially attacks compounds with carbon−carbon double bonds, aldehyde groups, or hydroxyl groups and is attracted to the electron-rich region of chlorinated alkenes.(1) Although RDX possesses none of these characteristics, laboratory studies performed by Adam et al.(2) showed that MnO 4 − could effectively transform and mineralize RDX (i.e., ~87% recovered as 14 CO 2 ). Moreover, a pilotscale demonstration at the Nebraska Ordnance Plant further supported MnO 4 − as a possible in situ treatment for RDX-contaminated groundwater.(3) Despite demonstrating efficacy in removing RDX from tainted waters, the reaction rates and mechanisms by which MnO 4 − transforms RDX (and other explosives) have not been thoroughly studied.(4) While a carbon mass balance of the RDX−MnO 4 − reaction has been observed,(2) a similar nitrogen mass balance for this reaction has not been reported.
Introduction
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) is a common groundwater contaminant at numerous military sites where munitions were either formulated, manufactured, or used in military exercises. Permanganate (MnO 4 − ) is an oxidant commonly used with in situ chemical oxidation (ISCO) and has been widely accepted for treating chlorinated ethenes. Past research has shown that MnO 4 − preferentially attacks compounds with carbon−carbon double bonds, aldehyde groups, or hydroxyl groups and is attracted to the electron-rich region of chlorinated alkenes.(1) Although RDX possesses none of these characteristics, laboratory studies performed by Adam et al. (2) showed that MnO 4 − could effectively transform and mineralize RDX (i.e., ~87% recovered as 14 CO 2 ). Moreover, a pilotscale demonstration at the Nebraska Ordnance Plant further supported MnO 4 − as a possible in situ treatment for RDX-contaminated groundwater.(3) Despite demonstrating efficacy in removing RDX from tainted waters, the reaction rates and mechanisms by which MnO 4 − transforms RDX (and other explosives) have not been thoroughly studied.(4) While a carbon mass balance of the RDX−MnO 4 − reaction has been observed,(2) a similar nitrogen mass balance for this reaction has not been reported.
One analytical challenge to identifying degradation products in a MnO 4 − matrix is that the solution is highly colored (i.e., purple), so colorimetric and UV detection techniques are not possible unless samples are quenched to remove MnO 4 − before analysis. However, the choice of quenching agent may influence pH or product distribution and further complicates understanding the RDX−MnO 4 − reaction mechanism. The transformation of RDX by various treatments has revealed several possible reaction pathways. These include direct ring cleavage, nitro-group reduction, concerted decomposition, and N-denitration. (5) (6) (7) (8) (9) (10) (11) (12) While intermediates produced by some of these pathways are fleeting and difficult to mea-sure, the end products produced are often similar (N 2 O, NO 2 − , NO 3 − , NH 4 + ) but produced in different ratios depending on the reaction mechanisms. In this paper, we report results from laboratory investigations designed to describe the kinetics of the RDX−MnO 4 − interaction, quantify the effect of temperature on RDX destruction kinetics, and provide a nitrogen mass balance of the RDX−MnO 4 − reaction. On the basis of experimental results, possible mechanisms by which RDX is degraded by MnO 4 − are proposed.
Experimental Section
Details of the chemical standards, analytical instruments (e.g., HPLC, IC, GC/ECD, and UV spectrophotometer), analysis of N-containing gases, RDX purification procedures used for mass balance experiments, and experimental controls are provided in Supporting Information (SI-1, SI-2, SI-3).
Aliquot Sample Preparation. To accurately quantify RDX and degradation product concentrations during oxidation by MnO 4 − , samples were quenched to prevent further RDX transformation. To avoid interferences during RDX and degradate analyses, three different quenching agents were tested (MnSO 4 , MnCO 3 , and H 2 O 2 ). The choice of quenching agent was found to influence pH and product distribution (see Supporting Information, SI-4). The two quenching agents we used most frequently included MnCO 3 (0.10 g per mL of sample unless otherwise stated) and MnSO 4 ·H 2 O [0.10 mL of a MnSO 4 solution (0.10 g/mL) per mL of sample]. The typical quenching procedure involved removing 1-mL aliquots from the RDX−MnO 4 − batch reactors, placing the aliquots in a 1.5-mL centrifuge tube, adding the quenching agent, and centrifuging at 14 000 rpm for 10 min. When MnCO 3 was used, an addition 5 min of shaking on a vortex was performed before centrifuging. The supernatant was then transferred to an HPLC or an IC vial and stored at 4 °C until analysis.
RDX Kinetic Experiments. Kinetic experiments were performed under batch conditions by placing 150 mL of RDX solution in 250-mL Erlenmeyer flasks and agitating on an orbital shaker. Solution samples were taken every 2−3 d, quenched with MnSO 4 , and analyzed for RDX by HPLC. We initially prepared RDX solutions by spiking 150 mL of H 2 O with 1.04 mL of RDX stock solutions prepared in acetone, but acetone was found to facilitate the decomposition of MnO 4 − at alkaline pH and prevent further degradation of RDX >10 d (see Supporting Information, SI-5). Consequently, all aqueous RDX solutions were prepared by dissolving purified crystalline RDX in water over several days.
To determine reaction rates, kinetic experiments fixed the initial RDX concentration at 0.09 mM and samples were treated with MnO 4 − in excess by varying concentrations between 4.20 and 84.03 mM. Likewise, using initial MnO 4 − concentrations at 33.61 mM, we treated varying concentrations of RDX (0.01−0.09 mM). Both experiments were conducted in neutral pH (~7) at room temperature (25 °C). Reaction rates were then determined by the initial rate method.(13) The rate law describing a second-order reaction between RDX and MnO 4 − is presented in Supporting Information (SI-6).
RDX−MnO 4
− Temperature Experiment. To quantify the effect of temperature on the RDX−MnO 4 − reaction (i.e., second-order rate constant, k′′), we performed experiments in 150-mL glass bottles containing 100 mL of RDX (0.02 mM). Treatment temperatures were 20, 35, 50, and 65 °C and held constant for 2−3 h prior to the start of the experiment.
The aqueous RDX solution was treated with 4.20 mM MnO 4 − . Aqueous RDX solutions without MnO 4 − (n = 3) were used as controls and monitored at each temperature. Samples were periodically collected and quenched with MnCO 3 as described and analyzed for RDX by HPLC.
4-NDAB Experiments.
To determine the stability of 4-NDAB in the presence of MnO 4 − , we conducted batch experiments with 4-NDAB as the starting substrate. Batch experiments were performed in a 250-mL Erlenmeyer flask containing 100 mL of 4-NDAB (0.04 mM) covered with parafilm and agitated with an orbital shaker at ambient temperature (24 °C). 4-NDAB was treated with 4.20, 8.40, 16.81, and 33.61 mM of MnO 4 − . Samples were collected every 30 min and quenched with MnCO 3 as previously described. 4-NDAB was immediately analyzed by HPLC.
RDX Nitrogen Mass Balance Experiment. Aqueous RDX (0.10 mM) prepared from purified RDX was placed into a 10-mL serum vial (Wheaton, Millville, NJ). The vial was closed with a silicone septum with zero headspace and crimped with an aluminum cap. So that we could precisely calculate the nitrogen mass balance, each vial was weighed before and after introducing any chemicals. Once the vial was sealed, a 21G (i.e., needle guage no. 21) needle and a 3-mL syringe were inserted through the septum. Helium gas was then added to the 21G needle to push out 2.5 mL of solution into the 3-mL syringe. The 21G needle was removed and another syringe was inserted into the He headspace where MnO 4 − stock solution was introduced to produce an initial concentration of 33.61 mM. Because the added MnO 4 − stock replaced a portion of the He headspace gas back into the 3-mL syringe, experimental treatments began at ambient pressure (t = 0 d). Vials were again weighed to determine the precise volume of solution and headspace in each replicate. To avoid possible gas losses through the needled-pierced septa, the septa were sealed with thermoplastic adhesive. Each vial was then covered with aluminum foil to prevent MnO 4 − photodegradation(14, 15) before shaking on a reciprocal shaker until analysis.
Sacrificial sampling occurred at 0, 1, 2, 3, 6, 9, 15, 19, 23, and 28 d. Each replicate (n = 4) was used to analyze three different types of analytes. For N 2 O gas production, 0.5 mL of headspace gas was removed and injected directly into GC/ECD. For changes in solution concentrations of RDX and NO 3 − / NO 2 − , 2.0 mL of sample were quenched with MnCO 3 . One aliquot (1.0 mL) was analyzed by HPLC while the other was used to quantify NO 3 − /NO 2 − by IC. Each replicate solution was also analyzed for MnO 4 − with a UV spectrophotometer to ensure uniformity in MnO 4 − concentrations among replicates.
Results and Discussion

RDX Kinetics Experiments. Treating aqueous RDX with varied MnO 4
− concentrations resulted in a wide range of RDX destruction rates (i.e., pseudo-first-order rate, k obs = 0.02−0.37 d −1 , Figure S11A ). By plotting log[k obs ] versus log [MnO 4 − ] O ( Figure 1A ), the calculated slope (β) of this regression was 0.98 ± 0.06 (r 2 = 0.99) and indicates that reaction was first-order with respect to MnO 4 − . Likewise, kinetic experiments estimated the reaction order with respect to RDX (α). Upon treatment of varying RDX concentrations with 33.61 mM MnO 4 − , the initial reaction rates (r 0 ; based on Equation S8) were approximated from the tangent of the concentration− time curves ( Figure S12 ). The log of the initial reaction rate (log[r 0 ]) was plotted against initial RDX concentration to es-timate reaction order for RDX (α). Results indicated α values very close to 1, also verifying the reaction is first-order with respect to RDX ( Figure 1B ).
Both sets of kinetic experiments (Figure 1 ) demonstrate that the initial reaction between RDX and MnO 4 − is second-order (i.e., α = β = 1) with a rate constant (k′′) of 4.16 × 10 −5 M −1 s −1 (±0.22 × 10 −5 ) (Equation S6). A compilation of destruction rates of various contaminants by MnO 4 − (4) revealed that a number of contaminants may react with MnO 4 − as fast as or faster than the chlorinated ethenes, the groundwater contaminants most commonly treated by MnO 4 − . One of those contaminants reported to have a second-order rate constant similar to that of the chlorinated ethenes was TNT.(4) Given that TNT and RDX are often cocontaminants in the field, a parallel set of kinetic experiments were performed with TNT (see Supporting Information, Figures S11B and S13). These experiments concluded that the TNT−MnO 4 − reaction is first-order with respect to TNT and MnO 4 − or second-order overall ( Figure S14 ) with a k′′ of 1.18 × 10 −3 M −1 s −1 (±0.02 × 10 −3 ). While the second-order rate constant observed for RDX in this study is similar to those reported,(2, 4) our k′′ for TNT is lower than that reported by Waldemer and Tratnyek (0.03 M −1 s −1 (4)) but still 28-fold higher than what we observed for RDX, indicating a large difference in reactivity between these two explosives. This observation is perhaps not surprising and undoubtedly related to differences in chemical classes (nitramine vs nitroaromatic).
Effect of Temperature on RDX−MnO 4 − Reaction. Albano et al.(3) previously reported that RDX transformation rates were slowed 3-fold under temperatures indicative of aquifer conditions (11.5 vs 23 °C). We treated aqueous RDX with MnO 4 − at four temperatures to further elucidate the temperature dependency of the reaction at elevated temperatures. Results showed the RDX destruction rates were significantly increased with increasing temperature with pseudofirst-order rates ranging from 0.01 to 0.89 d −1 (Figure 2A controls (temperature only) showed that RDX was relatively stable at temperatures ≤50 °C but decreases in RDX concentrations were observed at 65 °C, albeit at a slower rate than when MnO 4 − was also present ( Figure 2B ). A comparison of previously reported destruction rates shows that, in order to get the destruction rate we observed at 65 °C with 4.20 mM Computed pseudo-first-order constants (k obs , Figure 2A ) were converted to second-order rate constants at β = 1 based on Equation S6 (see Supporting Information, SI-6, SI-7, and Table S2 ). The temperature dependency was further calculated by using an Arrhenius plot ( Figure 3 ). The activation energy for the reaction between RDX and MnO 4 − in the temperature range 20−65 °C was 77.48 ± 5.13 kJ/mol ( Figure 3 ) with an Arrhenius parameter (i.e., ln A) of 25.77 ± 1.96 L/mol · min. For comparison, the temperature dependency of RDX hydrolysis from previously published work is also plotted ( Figure  3) . Results show that the RDX−MnO 4 − reaction is less temperature sensitive than alkaline hydrolysis and second-order rate constants for RDX−MnO 4 − are considerably lower than the rate constants for alkaline hydrolysis observed under similar temperatures.
4-NDAB Experiments. Past research has shown that 4-NDAB is an RDX degradation product after ring cleavage for both abiotic and biological treatments, (8, 9 , 16) such as aerobic biodegradation(16-19) and alkaline hydrolysis. Because only a trace of 4-NDAB ( Figure S6 ) was observed in the RDX−MnO 4 − reaction when MnCO 3 was used as a quenching agent, additional explanations for its lack of detection were pursued. In testing the stability of 4-NDAB under the different pH values, we found that 4-NDAB was relatively stable for the first 10 d (>90% remaining) ( Figure S8 ). Therefore, the stability of NDAB was not influenced by the pH of our treatments.
We also used 4-NDAB as the starting substrate by treating it with varying concentrations of MnO 4 − . Results showed that 4-NDAB is much more quickly transformed by MnO 4 − than RDX, with transformation occurring within hours (Figure 4) versus days for RDX ( Figure S6A ). 4-NDAB is likely oxidized faster than RDX because oxidation of the formamide group to a carbamic acid and the subsequent decarboxylation are known to be very fast reactions.(22-24) While 4-NDAB was found to be a dead-end product of RDX via photodenitration,(8) aerobic biodegradation,(5) and alkaline hydrolysis,(6) we showed that it was not stable in MnO 4 − (Figure 4 − still constituted 95.6% of the N balance. During the time when most of the RDX was transformed (i.e., 0−9 d), roughly 5 times as much N 2 O was produced than NO 3 − (molar basis). The production of N 2 O declined after 9 d, and concentrations reached a plateau by day 15; NO 3 − production continued with a slow steady increase until 28 d, the time when RDX was no longer detectable (Figure 5) . The nitrous oxide production was calculated by summing the direct headspace measurement plus the calculated dissolved liquid phase concentration in equilibrium with the measured gas phase concentration.(25) Possible reasons why N 2 O production did not continue to mirror RDX loss after 15 d include the inability of our microcosms to retain the headspace gases, the relationship between dissolved (i.e., calculated) and headspace N 2 O concentrations changing as headspace pressure (i.e., N 2 O production) increased, or other nitrogen gases or dissolved species being produced.
The possibility of other N-containing gases (NO, NO 2 , N 2 ) forming from the RDX−MnO 4 − reaction was investigated using 15 N-RDX but could not be confirmed [see Supporting In- RDX Degradation Mechanism. RDX is known to be degraded within days (~15 d) by base hydrolysis (pH 10) at ambient temperature (6) and within hours to minutes at elevated temperatures.(28, 29) We show that RDX was degraded by MnO 4 − at neutral pH over several days at room temperature ( Figure S6A ) and that increasing temperature increased destruction rates (Figures 2 and 3 ). On the basis of results obtained from the various experiments (quenching agents, pH, temperatures, and activation energies), and the lack of readily identifiable carbon-containing intermediates (other than a trace of 4-NDAB), the initial step in the RDX−MnO 4 − reaction is likely rate-limiting. On the basis of the various experimental treatments imposed, we believe this initial step can be described in one of two ways. When solution pH was alkaline, either as an artifact of the quenching agent ( Figure S6B ) or purposely increased ( Figure S6C ), then it is probable that the first step in the RDX−MnO 4 − reaction is similar to the previously reported hydrolysis pathway (N-denitration;(6) see Supporting Information, SI-9, Figure S18 ). This mechanism would produce 4-NDAB, which was observed. And although 4-NDAB is a relatively stable intermediate during alkaline hydrolysis,(28) we show that 4-NDAB reacts with MnO 4 − at a much faster rate than RDX ( Figures 2, 4 , and S6A). Under alkaline pH then, 4-NDAB was apparently produced by hydrolysis faster than it is oxidized by MnO 4 − ( Figures S6B and S6C ), which allowed it to be detected. Under neutral pH, which is more indicative of treating aqueous RDX with MnO 4 − (pH 7.2 observed), we believe the initial step is an oxidation mechanism that begins with abstraction of a hydride from the methylene carbon by MnO 4 − causing a carbocation to form ( Figure 6 ). This proposed step is supported by past research on MnO 4 − −amine reactions.(30-32) Permanganate oxidation of amines has been shown to proceed in one of two ways, namely single electron transfer (SET) from the amine nitrogen and hydride or hydrogen atom abstraction from the carbon. A detailed consideration of both possible first steps (SET vs hydride loss) for RDX oxidation is presented in Supporting Information (SI-8, Figure S17 ). In brief, theoretical explanations and experimental observations indicate that SET will dominate the reactivities of tertiary amines with MnO 4 − but hydrogen abstraction becomes more prominent in secondary and primary amines.(31, 32) Second-order rate constants have also been shown to significantly decrease when the mechanism shifts from SET to hydrogen atom loss.(31) Moreover, when the initial intermediate can be stabilized with resonance as previously shown for benzylamine, the rate determining step proceeds by loss of hydride (or hydrogen atom) rather than SET.(30) Given that the initial carbocation intermediate proposed for RDX ( Figure 6 ) would be more stable than the intermediate formed by SET ( Figure S17 ), we believe the hydride loss mechanism would be operative.
Following through with the proposed mechanism ( Figure  6 ), the carbocation intermediate would react with water by hydrolysis to form a C−O bond (alcohol) and the resulting N,Ndinitroaminol with MnO 4 − itself to form an imide. It is well established that MnO 4 − oxidizes alcohols to carbonyl compounds,(33) but the mechanisms have been shown to change completely as pH, reagent, and structure are varied.(34-37) To our knowledge an oxidation mechanism for the proposed N,N-dinitroaminol has not been studied, so no specific mechanism for this conversion (aminol to imide) is presented. Once formed, however, water would attack the imide carbon (hydrolysis) to open the ring and lead to a carbamic acid/amide anion. The carbamic acid/amide ion would then undergo decarboxylation and liberation of CO 2 . The accelerated rate of N,N-dinitroimide hydrolysis and decarboxylation has been previously observed in N-nitrourea chemistry.(38-40) This same three-step cycle of oxidation, hydrolysis, and decarboxylation would continue leading to the production of CO 2 and H 2 NNO 2 (nitramide), which would rapidly be converted to N 2 O(6) and water ( Figure 6 ).
While the proposed mechanisms are presented separately (Figures 6 and S18) and in a stepwise fashion, it is possible that several of these steps occur simultaneously. The dominant mechanism, however, can be inferred by the distribution of nitrogen-containing degradation products observed. RDX hydrolysis is reported to produce N 2 O, NO 2 − , NH 3 , and N 2 in the proportions 3.2:4.7:2.6:1, respectively.(28) The hydride removal mechanism predicts that if RDX is exclusively degraded by oxidation, only N 2 O would be produced; any nitrate observed would have to result from hydrolysis of postoxidation intermediates ( Figure 6 ). Restated, if the solution chemistry is dominated by oxidation, we should observe ratios of N 2 O/ NO 3 − which strongly favor N 2 O. If the process is mainly hydrolysis followed by oxidation, the same ratio would strongly favor NO 3 − . Our experiments indicate that RDX−MnO 4 − reaction produces N 2 O and NO 3 − in a molar ratio of about 5:1, leading us to conclude that oxidation processes are dominant under the conditions we report.
Supporting Information, providing details of experimental procedures and further explanation of results, is presented following the References. Figs. S11; S12; S13; S14 37 SI-7.
Temperature dependency 38 Table S2  39   SI-8 Single electron transfer versus hydride (or hydrogen) atom removal 40 Fig. S15 ; S16; S17 41 SI-9.
Proposed RDX degradation via proton abstraction 42 we mixed it with the crystalline RDX in the other side. The tube was then immersed in 99 water (~20°C) to confirm no leakage and avoid atmospheric gas contamination. We 100 also mirrored this experiment without vacuuming so as to monitor the RDX 101 concentration by HPLC. When RDX was completely degraded, gas emission was drawn 102 by a vacuum system passing through a cold trap to freeze all gases but N 2 gas ( Fig. S2;  103 (1)). Gas samples were then collected in sample bulb and cryogenically transferred to 104
an Optima Dual Inlet mass spectrometer (VG Isotech, Colchester, VT). 
SI-3. Experimental Controls 228
A series of experiments were performed under batch conditions to verify that 229 RDX destruction rates by MnO 4 -were similar when the initial pH was controlled or 230 allowed to drift as the reaction proceeded (Fig. S3) , the use of MnCO 3 as a quenching 231 agent did not significantly influence sample pH or temperature (Table S1 ), RDX 232 concentrations after quenching with MnCO 3 were stable and not subject to hydrolysis 233 (Fig. S4) , and that quantification of MnO 4 -concentrations were not influenced by 234 colloidal MnO 2 (Fig. S5) . (Fig. S6A) , and 4-NDAB (Fig. S6B) . Although the magnitude of 373 NO 3 -generated was similar to what we observed when MnCO 3 was used as a 374 quenching agent (Fig. S6A, S6B (Fig. S10A, S10B , S10C), we observed an increase in pH from 6.5 to > 8. Using 495 higher MnO 4 -concentrations (126.05, 168.07 mM) also produced similar changes in pH. 496
This increase in pH coincided with a significant decrease in MnO 4 -concentration (Fig.  497   S10B) . By contrast, when a pH-stat (Metrohm Titrino 718S; Brinkman Instruments, 498
Westbury) maintained the pH at 7, RDX concentrations did not plateau but continued to 499 decrease and very little consumption of MnO 4 -was observed (Fig. S10A, S10B ). It is 500 clear that in the unbuffered treatment, the rapid decrease in MnO 4 -concentration 501 -without RDX, a similar decrease in MnO 4 -was observed (Fig. S10D , 512 S10E, S10F); similarly, when aqueous RDX solutions were prepared without acetone, 513 the pH remained constant (Fig. S10F) and MnO 4 -consumption was negligible ( While the accelerated removal of MnO 4 -was traced back to the use of acetone 519 and subsequent formation of carboxylic acids in our batch reactors (Fig. S10) , the 520 implications of this observation may be more than just an experimental anomaly. Oxalic 521 acid is a product of the TCE- 
SI-6. Kinetic Models 576
While second-order expressions are commonly used to describe contaminant 577 destruction rates by MnO 4 -(28-32), if MnO 4 -is in excess, the reaction can also be 578 described by a pseudo first-order expression (12, 33 Likewise, by varying the initial concentration of RDX and measuring the reaction 591 rate, the value of with respect to RDX can be determined by a log-log form of Eq. S5. 592
To evaluate for the reaction rates, we used the initial reaction rate (r o ) by approximating 593 the tangent to the concentration time-curve (35); therefore, Eq. S5 can then be 594 expressed as: 595
Second-order rates ( ) were then derived from pseudo first-order rates ( ) by 597 the relationship in Eq. S6. 598 
